Mass spectrometry (Ms) of intact soluble protein complexes has emerged as a powerful technique to study the stoichiometry, structure-function and dynamics of protein assemblies. recent developments have extended this technique to the study of membrane protein complexes, where it has already revealed subunit stoichiometries and specific phospholipid interactions. Here we describe a protocol for Ms of membrane protein complexes. the protocol begins with the preparation of the membrane protein complex, enabling not only the direct assessment of stoichiometry, delipidation and quality of the target complex but also the evaluation of the purification strategy. a detailed list of compatible nonionic detergents is included, along with a protocol for screening detergents to find an optimal one for Ms, biochemical and structural studies. this protocol also covers the preparation of lipids for protein-lipid binding studies and includes detailed settings for a quadrupole time-of-flight (Q-toF) mass spectrometer after the introduction of complexes from gold-coated nanoflow capillaries. 
IntroDuctIon
Membrane proteins are responsible for a wide range of biological functions. Some of the most prevalent human diseases, including some cancers, result from their dysfunction 1, 2 . Despite representing only around a third of the human genome, they represent more than half of all current therapeutic agents 1, 2 . As key biological targets in disease and cancer, their study by traditional structural biology approaches, such as X-ray crystallography and NMR spectroscopy, has been hampered by limitations relating to their expression and solubility. Furthermore, X-ray analysis, in the majority of cases, has been limited by crystallographic resolution that hinders the assignment of bound moieties. In contrast to classical structural biology methods, MS of intact complexes, sometimes referred to as native MS, is a rapid and sensitive technique that can provide invaluable information on protein complexes, such as specifically bound small molecules.
Recent advances in MS have led to the first electrospray mass spectra of membrane protein complexes. Typically, high concentrations of detergent are used to solubilize membrane proteins, resulting in solutions containing heterogeneous detergent micelles. Because of the presence of detergent, membrane protein complexes initially eluded analysis by MS methods until the realization that they could be transferred to the gas phase while they are still encapsulated in detergent micelles 3 . From this initial discovery, biological membrane-embedded machines, such as the ATP-binding cassette transporter (BtuC 2 D 2 ) (ref. 3) , have been analyzed by MS (for a review see ref. 4) .
To date, the largest membrane protein complexes analyzed by MS have been V-type ATPases from Thermus thermophiles and Enterococcus hirae 5 . These molecular machines are assembled from nine different proteins consisting of 26 subunits with calculated masses of ~700 kDa. Notably, these large complexes could be transmitted into the mass spectrometer while preserving soluble and membrane subunit interactions. On performing MS, experimental measurements showed subunit stoichiometries for these two ATPases, thereby revealing the number of peripheral stalks and the stoichiometry of the K ring, which are areas of controversy in the field. Tightly bound lipids within the membrane rings were also identified, highlighting the ability of this technique to maintain noncovalent interactions in the gas phase and to provide novel insight into the composition and stoichiometry of specific lipid binding.
Structural biologists and biochemists are interested in the effect of detergents on membrane protein structure and function. Traditionally, membrane proteins are solubilized in different detergents, and monodispersity is judged by their traces from gel filtration chromatography [6] [7] [8] . This process provides low resolution and qualitative information. Here we outline a protocol describing an MS-compatible detergent screen for membrane proteins that enables acquisition of mass spectra and assessment of the homogeneity of the complex. The protocol can also be extended to high-throughput detergent screening. Moreover, with the variety of nonionic detergents becoming available, we anticipate that it will be possible to obtain mass spectra for most membrane protein complexes after carrying out the detergent screen methodology described herein. Although emphasis here has been placed on improving the quality of mass spectra, screening detergents for their ability to improve purity, stability and homogeneity of membrane protein complexes is a priority, as these attributes are highly desirable to crystallographers 9, 10 . MS of intact membrane protein complexes is set to become an indispensable tool for membrane protein biochemical and structural studies.
How are membrane protein complexes prepared for MS?
In brief, purified membrane protein complexes are bufferexchanged into an MS-compatible buffer. In our lab, we routinely express membrane proteins with a protease-cleavable fusion, such as GFP containing a terminal His-tag. Membrane protein fusions are purified by immobilized affinity chromatography (IMAC), and sometimes purified further by gel filtration (Fig. 1) . Before MS analysis, purified protein is buffer-exchanged into MS-compatible buffer supplemented with detergent by either centrifugal devices or gel filtration.
How are mass spectra obtained and optimized for membranes proteins?
Membrane protein MS first involves the ionization of purified protein within detergent-containing solutions by means of nanoelectrospray (nanoES) and transmission into the mass spectrometer (Fig. 2) , presumably as charged complexes surrounded by detergent micelles. To obtain well-resolved charge-state distributions that enable mass measurements, removal of detergent through thermal activation is required. This is achieved by applying increasing collisional activation after the ionized membrane proteins' transmission through the quadrupole mass analyzer (Fig. 2) . Ions are accelerated into the collision cell containing an inert gas, such as argon, resulting in detergent removal and release of the intact ionized protein assembly 3 . After passage through a second radiofrequency ion guide, packets of ions are transmitted by the pusher for separation in the time-of-flight mass analyzer. Finally, ions are detected at the microchannel plate detector. Notably, mass spectra reveal that some membrane proteins maintain interactions with detergent and/or lipid molecules even after collisional activation, such as detergent with BtuC 2 D 2 (ref.
3) and lipids with V-Type ATPases 5 . In some cases, these interactions cannot be removed even at the highest activation limits of commercial instrumentation.
Collisional activation not only liberates membrane protein complexes from detergent micelles but can also result in the dissociation of protein complexes. Activation can lead to local structural unfolding, and upon further activation a threshold is reached whereby an unfolded protein subunit is ejected from the protein complex. The charge of the parent complex is typically divided asymmetrically among these activated products, resulting in a highly charged protein subunit and a charge-stripped protein complex minus Figure 1 | An overview of a typical membrane protein purification and preparation, as well as analysis by mass spectrometry of the intact complex. (a) Purified membranes containing an overexpressed membrane protein fused to GFP and a His-tag; the protein is solubilized in a detergent of interest. Solubilized membrane protein is purified using immobilized metal affinity chromatography (IMAC) and concentrated before preparation for native MS. (b) Detergent can be screened or optimized starting with a purified membrane protein; follow the procedure outlined here to exchange into a different detergent. Furthermore, membrane proteins can be prepared from solubilized membranes in different detergents, followed by purification using IMAC. (c) Purified membrane proteins are buffer-exchanged into an MS-compatible buffer containing two times the CMC of the detergent of interest. Typically, buffer-exchange centrifugal devices, such as a Bio-Spin device, are used. Alternatively, buffer exchange can also be achieved using a small analytical gel filtration column. (d) Theoretical mass spectrum for a tetrameric membrane protein complex (200 kDa) with a protein monomeric mass of 50 kDa. Under MS conditions, the oligomeric or tetrameric complex, centered around 8,500 m/z, undergoes collision induced disassociation. Activation results in the ejection of a highly charged monomer, centered around 3,500 m/z, and a monomer-stripped oligomer or oligomeric complex minus the ejected monomer, spanning the region 10,000-25,000 m/z. Figure 2 | Schematic of a Q-TOF mass spectrometer used for mass measurements of intact membrane protein complexes. Parts of the instrument are labeled in blue, and parameters described in this protocol are labeled in black, with ranges of typical operating settings in parentheses. A membrane protein complex undergoes nanoES through the applied capillary voltage, and then ionized species are desolvated before transmission into the MS (green ion beam). The ions enter the source where the pressure is raised to increase the transmission efficiency of large protein complexes. Next, ions pass through the quadrupole (yellow ion beam) before being accelerated into the collision cell (purple ion beam) filled with inert gas molecules to release the protein complex from the detergent micelle. The resulting activated species are transferred to the TOF section, in which ion species are resolved by their time to traverse a known distance. Shown here is the trajectory for ions of an oligomeric complex (red ion beam) and the resulting activated species, ejected monomer (blue ion beam) and stripped oligomer (green ion beam). Note that the ejected monomer and stripped oligomer ion paths are shorter and longer, respectively, compared with the parent oligomeric complex.
the ejected protein subunit 11, 12 . This behavior is analogous to the dissociation of soluble protein complexes 13 . For example, a collisionally activated tetrameric protein complex will result in an ejected monomer and a stripped trimer (Fig. 1d) . For many protein assemblies, increased resolution is obtained for the stripped complex after the loss of a protein subunit. The process therefore aids the assignment of subunit stoichiometry and composition of oligomeric protein complexes. Throughout this paper, we refer to the oligomeric complex that has lost a subunit by defining the new oligomeric state preceded by 'stripped' . In summary, achieving optimal conditions for membrane protein complexes is a compromise between achieving sufficient detergent removal while minimizing collisional activation, one of the subjects of this protocol. To achieve these optimal settings, mass spectrometer parameters are tuned for maximal desolvation and detergent removal while attempting minimal protein activation. Optimization of the following parameters is imperative: collision voltage, cone voltage, collision gas pressure and source pressure (Fig. 3) . A general strategy used for optimization is to first set the instrument parameters to relatively high activation settings for membrane protein complexes. Then, iteratively, each of the four parameters is adjusted to produce resolved mass spectra while minimizing overactivation of the target complex (Fig. 3) .
What are the current MS-related limitations?
At present, modest collisional activation is required to remove membrane protein complexes from the detergent micelle. Although this activation is useful for removing detergent, the result is often local unfolding of the protein structure, and therefore, in general, the technique is not suitable for ion-mobility MS studies (a technique to measure the structural topology of protein complexes 14 ) . Despite this limitation, recent studies have shown the potential of ion-mobility MS on membrane proteins under these elevated activation conditions 15 , suggesting that much of the internal energy gained through collisional activation is dissipated through detergent removal.
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Source pressure 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000 m/z 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000 m/z m/z 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000 m/z 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000 m/z m/z 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000 m/z 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000 Shown here are the effects of altering individual mass spectrometer parameters on the pentameric ligand-gated ion channel of ELIC 22 from optimized mass spectrometer conditions (gray spectrum). Optimized conditions for the center spectrum are shown in the upper right as color-coded text according to the individual parameters described above. In general, optimization is achieved by adjusting the parameters to maximize resolution and transmission of the oligomeric membrane protein complex. Collision gas, usually argon, and sometimes SF 6 , at low operating pressures results in inefficient detergent micelle removal, whereas at high pressures it lowers the transmission of oligomeric complexes. Higher source pressure is necessary to transmit large ions; however, excessive pressure, whether lower or higher, leads to poor transmission of ions or peak broadening, respectively. The majority of activation of membrane protein complexes is achieved through adjusting the cone and collision energy voltages. Typically, the collision energy is set to a higher value compared with the cone voltage. These two parameters are adjusted to produce resolved spectra while trying not to overactivate the oligomeric complex (in this example, when collision energy is set to 200 V).
General guidelines for MS of membrane proteins MS of membrane protein complexes can become routine when some general guidelines are followed:
1. Buffer conditions. Membrane protein complexes are exchanged into ammonium acetate buffer containing the detergent of interest. The concentration of ammonium acetate is usually 200 mM, but this can be adjusted to concentrations of up to 3 M. However, decreasing or increasing the ammonium acetate concentrations can result in poor-quality mass spectra ( Fig. 4a) , although this can be protein dependent. The pH of the buffers can be adjusted in the range of 5-8. When working with proteins containing His-tags, we recommend maintaining the pH at 8 in order to avoid protein insolubility or precipitation in lower-pH buffered solutions.
Mistakes related to detergent concentration. A common error
is unknowingly concentrating detergent micelles in addition to the target membrane protein. High concentrations of detergent can not only cause protein instability but also can lead to higher-than-expected concentrations of detergent in buffer-exchanged samples (following Step 1A), which can result in poor mass spectra (Fig. 4b) . Care should be taken when choosing the appropriate device for concentrating the complex to avoid concentrating detergent micelles 16 . We routinely use 100-kDa molecular-weight cutoff (MWCO) concentrators for membrane proteins purified in n-dodecyl-β-dmaltopyranoside (DDM) to avoid concentration of DDM micelles (~70 kDa), which would occur if a ≤50-kDa MWCO concentrator is used. Another common mistake is to decrease the detergent concentration below the critical micelle concentration (CMC ; Table 1 ) in the buffer-exchange step. The thinking is that this will improve mass spectra. However, this generally does not lead to improved spectra, but rather to instability of the membrane protein complex in solution (Fig. 4b) .
We strongly recommend maintaining the detergent of interest at two times the CMC value. 3. Detergent compatibility. The nonionic detergent DDM has proved to be most successful to date. Here we include many other nonionic detergents identified via a systematic screen. Several of these detergents not only improve resolution but also lower the activation energy requirements to obtain resolved mass spectra ( Table 1) . A detergent that is compatible with electrospray does not necessarily imply that the membrane protein-detergent combination will be successful in producing well-resolved mass spectra. No membrane protein complexes have yet been analyzed by MS directly from solutions containing ionic detergents. 4. Protein requirements. Membrane proteins should ideally be relatively pure and homogenous, equivalent to crystallographicgrade material. The membrane protein preparation is crucial for success. Homogenous complexes not only tend to produce high-quality mass spectra but also reduce the difficulty in optimizing the MS parameters. Typical analysis requires a purified protein complex to be exchanged into an MS-compatible buffer, with the final concentration of the complex in the low-µM to high-nM range (Supplementary Fig. 1 ). It should be noted that MS is very sensitive. We have recorded mass spectra for complexes from solution concentrations of <10 nM (Supplementary Fig. 1 ). Routine experiments consume only a few microliters of the complex in the bufferexchanged solution.
What information will I obtain from this protocol?
The following can be obtained:
Stoichiometry. From a well-resolved mass spectrum, the composition of the membrane protein complex and associated adducts (if present) can be determined with precision. In some cases, when the individual subunits are known, composition is calculated directly from summing the individual components to equal the measured mass. In practice, collisional activation is used to obtain masses of activated species to back-calculate the stoichiometry of the parent oligomer.
Monitoring purification. We have observed that membrane proteins with fusion tags are more stable in the gas phase and do not disassociate as readily as their counterparts with fusion tags removed. In addition to this observation, we observe improved resolution for membrane protein complexes as a function of purification ( Fig. 5 and Supplementary Fig. 2 ). For example, initial purification using IMAC of the trimeric Escherichia coli ammonium channel 17 , fused to a protease-cleavable GFP (AmtB-GFP), leads to broad peaks in the mass spectrum even at high activation energies. In some cases, lipids may be bound to the membrane protein complexes at this stage. Generally, these are removed subsequently in additional purification steps. Gel filtration chromatography after IMAC purification leads to improved resolution of the mass spectra along with a higher signal-to-noise ratio. After protease treatment (to remove the fusion tag) and reverse IMAC, the mass spectra have not only improved in resolution but also reveal more dissociation in the form of stripped dimer and highly charged monomer. This phenomenon of increased dissociation has been observed for several proteins after the fusion tags have been removed; typically, the mass spectra are also of similar or better quality than those recorded for the complex with fusion tags retained. Therefore, dissociation of the membrane protein complex can be manipulated by the addition of a fusion partner. Effect of detergent on membrane protein complexes. Membrane protein complexes can be examined in a range of different detergents, and the effects on oligomeric state, bound moieties (e.g., lipid) and purity are readily assessed. In addition, the stability of membrane complexes in different detergents over time can be assessed. Instability is inferred when the oligomeric complex is no longer observable in the mass spectrum. Lipid binding. One of the interesting observations of this methodology has been the ability to preserve interactions with phospholipids. This discovery was recently highlighted from the MS of intact ATP synthases, where specific phospholipid interactions were maintained and subsequently identified using MS 5 . This protocol includes a description of how to prepare lipids compatible with the MS of membrane complexes for binding and titration studies. Once these stocks are prepared, membrane protein complexes can be readily screened for their specificity and binding (discussed further in ANTICIPATED RESULTS).
• • Figure 5 | Additional purification steps lead to an improvement in the overall quality of mass spectra for AmtB. The trimeric AmtB was expressed as a tobacco etch mosaic virus (TEV) protease-cleavable N-terminal fusion to GFP and 6× His-tag (AmtB-GFP). (a) General outline for the purification of membrane protein complexes for native MS. Solubilized AmtB-GFP is first purified by IMAC, and then concentrated and further purified by gel filtration chromatography. The C-terminal fusion is removed by TEV protease treatment and further purified by reverse IMAC, resulting in highly purified membrane protein complexes. (b) Native mass spectra at various time points in the purification process. After IMAC purification (top, purple), the charge state peaks are broad for the trimeric complex, with no disassociation products observed. After gel filtration (middle, green), the charge state peaks are improved for the trimeric complex along with disassociation products, monomer and dimer. The final purification step is the removal of the C-terminal fusion, which results in resolved mass spectra for both the trimeric complex and disassociation complexes (bottom, red). In general, we find that removal of the C-terminal fusion leads to more disassociation products.
This new development highlights the utility of MS as a powerful technique for understanding the role and importance of membrane protein-lipid interactions.
Before starting
Here the focus has been placed on the preparation and analysis of membrane proteins complexes. Readers should, however, be familiar with the detailed protocols for soluble protein complexes described previously 18 , particularly the description of how the capillaries are prepared and the processes involved in establishing a stable electrospray and in calibrating and analyzing mass spectra. In this protocol, these areas will be described only in brief. We have designed this protocol to communicate our experience with analyzing challenging membrane protein complexes with the primary goal of highlighting key considerations for researchers to be successful with this new technique. As a starting point for MS of membrane protein complexes, we recommend using the ammonium channel, particularly AmtB-GFP as described herein. In our hands, this membrane protein complex is robust and mass spectra can be collected in many different detergents. 
MaterIals
REAGENTS
In-house capillaries (These are prepared as previously described 18 we suggest the following previously published protocols [6] [7] [8] . In general, we express membrane proteins with a tobacco etch mosaic virus proteasecleavable C-terminal fusion to superfolder GFP 20 , followed by a 6× His-tag similarly to that described by Drew et al. 8 . The GFP fusion provides visual confirmation of protein expression. In addition, we have also had success with N-terminal-tagged membrane proteins. We purify membrane proteins using IMAC, gel filtration and tag removal with a specific protease, and end with reverse IMAC. Membrane proteins after IMAC purification are typically of sufficient purity to obtain good-quality data; however, further purification may be necessary to obtain a resolved mass spectrum. (See Supplementary Methods for more information.) Buffers containing detergent We typically make large stocks of each buffer without detergent, filter-sterilize the buffer stocks and store them at room temperature. These buffer stocks are supplemented before use with the detergent of interest to a final concentration of 2× CMC using a 10% (wt/vol) stock of detergent. Buffers containing detergent are stored at room temperature for short storage ( < 1 week) and frozen for long-term storage. Ammonium acetate buffer is stored for up to 2 weeks. Detergents Stocks of detergent are usually made up at 10% (wt/vol) in water and frozen. In some cases, a 10% stock solution in water is unobtainable because of variable detergent solubility. Notably, detergents are purchased from Anatrace at Sol-Grade compared with the higher purity Anagrade, as no discernible difference in mass spectra was observed when comparing the two grades of DDM using AmtB-GFP.
Data analysis
We initially processed and exported data collected using a modified Q-TOF 2 instrument (Equipment section) with MassLynx software (Waters).
We performed further data analysis using custom in-house software written in Python programming language. In brief, the software includes leastsquares peak fitting, assignment of masses, charge-state envelope fitting and additional features for visualizing mass spectra. Software can be obtained upon request.
Box 1 | Capillary preparation and considerations • tIMInG 1-2 h preparation • tIMInG 1-2 h
Prepare capillaries as described previously 18 .
considerations There are three considerations for capillaries used in nanoES for membrane proteins worth noting:
• Filament. The majority of membrane proteins screened in our laboratory prefer capillaries with filaments; these capillaries seem to help the sample wick to the tip of the needle. However, in some cases nonfilament needles work just as well.
• Length. A general strategy is to start with a long needle and gradually trim back if the spray or ion current is intermittent.
• Gold coating. A poorly coated needle can lead to intermittent spray. When preparing needles, we typically handle them with gloves to avoid oils from hands, which will interfere with the coating process.
proceDure preparation of the purified membrane protein complex • tIMInG 20 min-2 h 1| Membrane protein preparation for native MS is achieved by either using a buffer-exchange device (option A) or by gel filtration (option B) on a purified membrane protein complex (box 2). Regardless of the option chosen, the final concentration of your membrane protein complex should be, at the minimum, in the high nanomolar range. Typically, we begin with option A and use option B if a membrane protein requires an additional purification step.  crItIcal step All buffers should contain detergent. Do not freeze the buffer-exchanged membrane protein in Mem MS buffer. Freezing or omitting the detergent can result in aggregation of membrane protein samples. Buffer-exchanged membrane protein should be stored on ice or at 4 °C. ? troublesHootInG  pause poInt Buffer-exchanged samples can typically be stored at 4 °C for up to 1 week. Notably, in some cases the stability of the preparation can be as short as the day of the preparation. lipid-binding studies • tIMInG 30-90 min 10| Prepare several titrations of lipid stock (box 3), for example, in the range of 250 ng µl − 1 to 100 µg ml − 1 , in Mem MS buffer.  crItIcal step Avoid using lipid stocks dissolved in organic solvents, such as chloroform, as they are denaturants and may alter protein-lipid binding interactions (supplementary Fig. 3 ).
11|
Thoroughly mix equal volumes of the membrane protein preparation with titrated lipid stock and incubate it at the desired temperature for a minimum of 10 min.  crItIcal step Note that the final concentration of lipid and protein will be diluted by half.  pause poInt The samples can be stored at 4 °C overnight before analysis.
12|
Analyze the equilibrated membrane protein and lipid preparations.
? troublesHootInG calibration and data processing 13| Calibrate the instrument/spectra using CsI solution and analyze the spectra as described previously 18 .
? troublesHootInG Troubleshooting advice can be found in table 2. • tIMInG
Step 1, preparation of the purified membrane protein complex: 20 min-2 h
Step 2, initial preparation of the MS: 10 min
Step 3, nanoflow ES and optimizing MS parameters: 30-90 min Steps 4-12, lipid-binding studies: 30-90 min
Step 13, calibration and data processing: variable box 1, capillary preparation and considerations: 1-2 h box 2, membrane protein preparation: 6-30 h box 3, preparation of lipid stock solutions: 1-2 d
antIcIpateD results
As an example of the detergent screening protocol, we applied this methodology to AmtB-GFP purified in DDM, which required a collision energy voltage of 170 V to obtain reasonable mass spectra (Fig. 6a) . After screening MS-compatible detergents (table 1) , some detergents can increase or decrease the activation energy to obtain comparable spectra. Small changes in detergent chemistry can vary the activation energy requirements, for example, alteration in the linkage between the sugar and alkyl chain from oxygen in DDM to sulfur in DDTM (Fig. 6b) . Interestingly, detergents with higher CMC values compared with DDM have produced high-quality mass spectra. An example of this is OG, which has a ~61-fold higher CMC value compared with DDM, but requires much lower activation energy (Fig. 6c) . Polyoxyethylene glycol detergents overall resulted in a reduction in the average charge state of the membrane protein complex (Fig. 6d) . The origin of this change in charge state is currently unclear, but it may be the result of an altered solvent-accessible area or altered solution properties.
Once the MS conditions have been optimized for a membrane protein complex, small-molecule and/or lipid binding can be evaluated using MS. We have found that a variety of phospholipids bind to membrane proteins, with some showing more specificity over others. In addition, lipids can be titrated and incubated with membrane protein complexes and analyzed under the appropriate MS conditions. For example, we expressed and purified a ligand-gated ion channel from Erwinia chrysanthemi (ELIC) and screened it for lipid binding. The crystal structure of ELIC reveals a pentameric channel 22, 23 . We observe variable lipid binding for ELIC when incubated with a titration series of POPE (Fig. 7a) . In this example, lipid binding to the pentamer concomitantly results in peak broadening, whereas in the stripped tetramer region individual . Notice that the trimeric complex has shifted from one centered at 7,000 to one centered at 9,500 m/z, corresponding roughly to a charge-state reduction of eight. A detergent screen can be useful when you are trying to improve and/or lower the activation energy to obtain resolved mass spectra of membrane proteins. lipid-bound states are resolved, making this region more suitable for data analysis. Data analysis of the stripped tetramer region entails modeling individual peaks and using this information to model charge-state envelopes for individual lipidbound states (Fig. 7b) . The fitted charge-state envelopes are good reporters of the relative abundance of a given bound state, as they take into account all of the experimental peaks. Equilibrium binding curves can be generated by plotting the total lipid bound against lipid concentration (Fig. 7c) . It is worth mentioning at this point that MS is not a directly quantitative technique, in that the signal intensities generated are not proportional to the concentration of the proteins/lipids in solution owing to variances in physiochemical properties, ionization efficiency, transmission and detector response. This said, the use of labeling techniques and internal standards has made the technique extremely valuable in areas such as quantitative proteomics 24 . Several factors can influence the amount of lipid bound to membrane protein samples. The concentration of detergent in the membrane protein sample can alter binding. We have found that, at a given concentration of lipid, binding is influenced by detergent concentration, with more lipid binding observed at 1× CMC compared with 2× CMC of detergent. Preparation of lipid stock is important, and we outline a general protocol to follow for lipid-binding experiments. Titrating directly from lipid stocks dissolved in organic solvents, such as chloroform, should be avoided, as this markedly alters the amount of lipid bound and can potentially denature the membrane protein (supplementary Fig. 3) . In some cases, we observe that lipid binding increases over time and should be monitored. In addition, the temperature should be controlled. These factors have to be taken into careful consideration when extracting binding constants from equilibrium data.
